This result and the observation that cohesin subunits dissociate from chromatin at the onset of anaphase suggest that the APC initiates anaphase by removing cohesins from chromosomes. The APC mediates this event by ubiquitinating Pds1p (Cohen-Fix et al., 1996), a pro- than budding yeast.
1996b). matids allows the bipolar attachment of chromosomes
The notion that the APC-separin pathway controls to the mitotic spindle long after replication has occurred.
anaphase in all eukaryotes is further supported by the Loss of cohesion is therefore required for the separation observation that cohesin complexes containing orof sister chromatids. In presumably all eukaryotes this thologs of Smc1p, Smc3p, Scc1p/Mcd1p, and Scc3p event is initiated by activation of the anaphase-promotexist in Xenopus (Losada et al., 1998) and human cells ing complex (APC), a ubiquitin-protein ligase that targets (Sumara et al., 2000) and by the finding that Xenopus 14S mitotic proteins for destruction by the 26S proteasome cohesin is required for proper sister chromatid cohesion (reviewed by Peters, 1999 than budding yeast. To address these questions, we have reinvestigated pathways that affect cohesins in a spatially and temporally distinct manner: in prophase, a cleavage-indepenthe subcellular distribution of the cohesin subunit SCC1 in human mitotic cells. We show that a small amount of dent pathway removes the bulk of cohesins from the arms of condensing chromosomes, whereas at the meta-SCC1 remains associated with metaphase chromosomes where it preferentially localizes to centromeres phase-anaphase transition an APC-and separin-dependent pathway removes centromere-bound cohesin comuntil it disappears in anaphase. A similarly small amount of SCC1 is cleaved in vivo specifically in anaphase, but plexes by cleaving their subunit SCC1. not in pro-or metaphase. Reconstitution of SCC1 cleavage in Xenopus egg extracts shows that this reaction Results depends on the APC and separin and affects preferentially chromosome-associated SCC1. Figures 1B and 1C) , indicating that SCC1-myc is associated with centromeric regions. In prophase cells, additional SCC1-myc signals could be detected in other chromosomal regions that were not in close proximity to kinetochores ( Figure  1C) . These noncentromeric signals were often arranged in linear arrays ( Figure 1B ) and were either largely or entirely absent from metaphase chromosomes ( Figures  1B and 1C) , suggesting that SCC1 dissociates from chromosome arms between pro-and metaphase but remains associated with centromeres. Importantly, we were unable to detect any clear chromosomal SCC1-myc signals in 140 anaphase cells that we inspected ( Figure 1C) . Because 80% of all cells in our experiment expressed SCC1-myc, we should have observed some Figure 4C ). This panel). In addition, a smaller mitosis-specific fragment result was not due to the presence of an inhibitory factor of 55 kDa was observed in long exposures of myc immuin the supernatant because addition of the supernatant noblots ( Figure 2C , third panel), suggesting that SCC1-fraction to reactions containing chromatin and mitotic myc is cleaved at at least two distinct sites in mitosis.
Xenopus extract did not inhibit SCC1-myc cleavage When we analyzed the behavior of other cell cycle (data not shown). These results suggest that chromatin regulators in the same experiments, we observed that associated SCC1 is preferentially cleaved, whereas solthe mitosis-specific SCC1 cleavage products began to uble SCC1 is a poor substrate. appear when cyclin A, cyclin B, and CDC20 began to disappear ( Figure 2C ), i.e., either in meta-or anaphase. To determine more precisely when SCC1 cleavage oc-SCC1 Cleavage Depends on Separin and the APC Immunoblot experiments showed that both the chromacurs, we released HeLa SCC1-myc cells from a double thymidine arrest into medium containing nocodazole, a tin pellet and the supernatant fraction of HeLa cell extracts used in this assay contained APC and separin microtubule poison which activates the spindle assembly checkpoint and thereby inhibits the ability of the (data not shown). To analyze if these proteins are required for SCC1 cleavage, as they are in budding yeast, APC to initiate anaphase (reviewed by Amon, 1999). Under these conditions, cells arrested in a mitotic state we performed a series of immunodepletion experiments. As depletion from the chromatin fraction was technically with unseparated DNA, highly phosphorylated histone H3 and CDC27 (a subunit of the APC), and high levels impossible, we depleted human separin from supernatant fractions of HeLa SCC1-myc cells ( Figure 5A ). No of cyclin B and securin, whereas cyclin A was degraded ( Figure 3A) . Unexpectedly, the levels of CDC20 decleavage of SCC1-myc occurred when these fractions were incubated in mitotic Xenopus extract ( Figure 5B ), creased significantly under these conditions. Longer immunoblot exposures detected small amounts of CDC20, suggesting that human separin is required to cleave SCC1-myc. This result also implies that the mitotic Xensuggesting that these may be sufficient to initiate anaphase upon release from the nocodazole arrest (Figure opus extract alone is not sufficient for cleaving SCC1-myc in this system, raising the possibility that the activity 3B). Importantly, no mitosis-specific cleavage products of SCC1 could be observed with either SCC1 or myc of Xenopus separin is labile in the mitotic extracts, or that Xenopus separin cannot cleave mammalian SCC1 antibodies in nocodazole-arrested cells ( Figure 3A) , indicating that SCC1 cleavage depends on the initiation of due to species differences. In contrast, we found that depletion of the APC from HeLa SCC1-myc supernatant anaphase and does not occur in pro-or metaphase. fractions did not abolish SCC1-myc cleavage (data not it is possible that mitotic Xenopus extracts are required to activate the APC (whose activity is inhibited by MAD2 shown). Also depletion of the APC from mitotic Xenopus extracts had little effect ( Figures 5A and 5C ). Simultanein nocodazole-arrested human cells) or to mediate efficient proteaseome-dependent proteolysis. ous depletion of the APC from both HeLa and Xenopus extracts did, however, abolish SCC1-myc cleavage (Figure 5C Figure 6D, left panel) . We therefore incubated the separin immunoprecipitates in mitotic Xenopus extracts, tract by mitosis-specific mechanisms. To obtain insight into these mechanisms and to adspeculating that the role of these extracts in the above described assay could be to activate separin. When dress whether separin itself is the SCC1 protease we analyzed separin immunoprecipitates before and after separin immunoprecipitates were added to mitotic Xenopus extracts, reisolated, washed and then incubated incubation in mitotic Xenopus extracts. Coomassie blue Figure  6B ). Mass spectrometric analysis of tryptic peptides separin activation in the Xenopus extract depends on APC-dependent securin proteolysis. To test this possiidentified these bands as full length and truncated forms of separin (data not shown). The 200 but not the 180 bility, we incubated separin immunoprecipitates in mitotic Xenopus extracts from which the APC had either kDa band could also be recognized by monoclonal antibodies specific for the separin C terminus (Figure 6A ), been immunodepleted (data not shown) or in which APC activity was competitively inhibited by the addition of indicating that the 180 kDa separin is truncated at the C terminus. After incubation in mitotic Xenopus extract N-terminal cyclin B peptides ( Figure 7A ). Under these conditions the separin immunoprecipitates still conthe amount of the 200 kDa separin band was strongly reduced and two additional bands of 220 and 195 kDa tained securin after incubation in the Xenopus extracts ( Figure 7B ) and showed a significantly reduced ability were detected by Coomassie staining ( Figure 6B , marked by dots). The identity of these 200 and 195 kDa to cleave SCC1 ( Figure 7C ). APC activity is therefore required to activate separin, possibly because securin Xenopus proteins is presently unknown. However, we do not believe that these proteins are relevant for the proteolysis is needed for separin activation. Immunoblotting with C-terminal separin antibodies SCC1 cleavage reaction because they also bound to separin antibody beads that had not previously been confirmed that the majority of full length separin disappeared during incubation in mitotic Xenopus extract incubated in human extracts, and these immunoprecipitates were unable to cleave SCC1-myc (data not shown).
( Figure 6A ). These blots further revealed that at the same arin-associated securin and cleavage of full length separin at at least two distinct sites.
Separin Is Cleaved in Anaphase In Vivo
To address if the cleavage of separin in mitotic Xenopus extracts is physiologically relevant, we analyzed the behavior of separin in vivo. Immunoblot experiments revealed that the majority of separin is degraded as HeLa cells progress through mitosis and that separin levels remain low in G1 ( Figure 2B ). Separin remained stable, however, when cells entered mitosis in the presence of nocodazole, i.e., upon activation of the spindle assembly checkpoint ( Figure 3A) . When cells exited mitosis after being released from the nocodazole arrest, separin levels began to decrease at the same time as securin and cyclin B degradation occurred ( Figure 3B ), indicating that separin degradation is initiated in anaphase. The C-terminal monoclonal separin antibodies used in these experiments also detected 60 and 55 kDa bands that specifically appeared when full length separin began to disappear ( Figure 3B ), demonstrating that separin is also cleaved at at least two sites in anaphase in vivo. The C-terminal separin fragments were not detected in extracts from nocodazole-arrested cells ( Figure 3A) . The appearance of the separin cleavage products in anaphase and their disappearance in G1 therefore resembles the behavior of SCC1 cleavage products, suggesting that SCC1 and separin cleavage are coregulated and may be mediated by the same pathway.
Discussion
To initiate anaphase, eukaryotic cells have to dissolve the cohesion that holds sister chromatids together. In budding yeast, this event depends on cleavage and subsequent removal of cohesin complexes from chromatin 
of Cohesins from Chromosomes
The slowest migrating band represents SCC1-myc. SCC1-myc
The mechanism by which vertebrate cohesins are recleavage products are marked by arrows.
moved from chromosomes in prophase is still unknown, but we found that this pathway dissociates cohesins without detectable SCC1 cleavage (Figure 3 ) and does time a 55 kDa band appeared and a 60 kDa band increased in its abundance, suggesting that separin is not require APC activity (Sumara et al., 2000) . These observations suggest that separin is not involved in the partially cleaved in the mitotic Xenopus extract ( Figure  6A, open arrowheads) ., 1994) . The prophase pathway and because cohesin complexes can therefore not be removes presumably most, if not all cohesin from chroremoved from centromeres. In contrast, the prophase mosome arms but, importantly, it spares SCC1 at cenpathway that solubilizes cohesin complexes without tromeric regions (Figure 1) , where it may be required to SCC1 cleavage would be activated normally under these hold sister chromatids together (see below).
conditions, explaining why arm cohesion is lost. Our results show that, at the onset of anaphase, a second pathway is activated which cleaves the SCC1 subunit of cohesin complexes at two distinct sites (Fig- 
Regulation of Arm versus Centromere Cohesion
Our observation that SCC1 is regulated differently at ure 2). This pathway depends on entry into anaphase in vivo (Figure 3 ) and on the APC and separin in vitro chromosome arms and centromeres raises important questions about how the prophase and the anaphase (Figure 5 ), indicating that it corresponds to the APCEsp1p pathway that controls the initiation of anaphase pathway are able to distinguish between cohesin complexes at these two locations. We have recently discovin budding yeast . Several observations suggest that this pathway preferentially cleaves, ered that human cells contain two distinct cohesin complexes differing slightly in their subunit composition, but and thereby solubilizes, cohesin complexes that are bound to chromosomes: First, SCC1 staining disapcytologic experiments suggest that the bulk of both of these complexes dissociates from chromatin in propears from centromeres between metaphase and anaphase (Figure 1) , i.e., at the time when SCC1 cleavage phase (Sumara et al., 2000) . There is therefore presently no indication that cohesin complexes located on arms is initiated (Figure 2 and 3) . Second, in mitotic Xenopus extracts, SCC1-myc in chromosome fractions is cleaved and at centromeres differ in their subunit composition. Instead, specialized centromeric proteins may protect more efficiently than soluble SCC1-myc ( Figure 4C ). Third, most cohesin is not degraded during mitosis in centromeric cohesin complexes from solubilization by the prophase pathway. For example, the Drosophila provivo (Figure 2) , suggesting that soluble cohesin complexes are not efficiently recognized by the APC-separin tein MEI-S332 has been discussed as a candidate for a protein that protects centromeric cohesion (Tang et al., pathway. These observations together suggest that APC-and separin-dependent cleavage of SCC1 re-1998; Rieder and Cole, 1999). There also has to exist a mechanism that restricts moves cohesin complexes from centromeres. SCC1 cleavage at the onset of anaphase to cohesin complexes on chromosomes, leaving SCC1 in the bulk Does SCC1 Cleavage Initiate Anaphase? SCC1 disappears from centromeres when sisters sepaof soluble complexes uncleaved. This is not achieved by restricting the localization of separin to chromosomes rate (Figure 1) 
